ABSTRACT: Surfactant protein D (SP-D) is a collectin that plays an important role in the innate immune system and takes part in the surfactant homeostasis by regulating the surfactant pool size. The aims of this study were to investigate the values of SP-D in umbilical cord blood and capillary blood of premature infants and to relate the levels to perinatal conditions. A total of 254 premature infants were enrolled in the present study. Umbilical cord blood was drawn at the time of birth and capillary blood at regular intervals throughout the admission. The concentration of SP-D in umbilical cord blood and capillary blood was measured using ELISA technique. The median concentration of SP-D in umbilical cord blood was twice as high as in mature infants, 769 ng/mL (range 140 -2,551), with lowest values in infants with intrauterine growth retardation (IUGR) and rupture of membranes (ROM). The median concentration of SP-D in capillary blood day 1 was 1,466 ng/mL (range 410 -5,051 ng/mL), with lowest values in infants born with ROM and delivered vaginally. High SP-D levels in umbilical cord blood and capillary blood on day 1 were found to be more likely in infants in need for respiratory support or surfactant treatment and susceptibility to infections. We conclude that SP-D concentrations in umbilical cord blood and capillary blood in premature infants are twice as high as in mature infants and depend on several perinatal conditions. High SP-D levels in umbilical cord blood and capillary blood on day 1 were found to be related to increased risk of RDS and infections. R espiratory distress syndrome (RDS) is a main contributor to increased mortality and morbidity among premature infants. RDS is caused by lack of pulmonary surfactant leading to atelectasis and ventilation-perfusion mismatch of the lungs (1). Biochemically, pulmonary surfactant is a mixture of phospholipids and associated proteins which are synthesized, stored, secreted and recycled by type II cells in the airways (2). This mixture forms a monolayer at the air-liquid interface which lowers the surface tension, stabilizes alveoli and terminal airways at low lung volume and prevents alveolar collapse at the end of the expiration. Treatment with synthetic or naturally developed surfactant has been associated with a decline in the mortality of RDS among premature infants (3,4).
R espiratory distress syndrome (RDS) is a main contributor
to increased mortality and morbidity among premature infants. RDS is caused by lack of pulmonary surfactant leading to atelectasis and ventilation-perfusion mismatch of the lungs (1) . Biochemically, pulmonary surfactant is a mixture of phospholipids and associated proteins which are synthesized, stored, secreted and recycled by type II cells in the airways (2) . This mixture forms a monolayer at the air-liquid interface which lowers the surface tension, stabilizes alveoli and terminal airways at low lung volume and prevents alveolar collapse at the end of the expiration. Treatment with synthetic or naturally developed surfactant has been associated with a decline in the mortality of RDS among premature infants (3, 4) .
Four specific surfactant proteins have been identified, called surfactant protein (SP) A-D. SP-B and SP-C have been characterized as hydrophobic polypeptides that enhance the adsorption of lipid to the surface of the alveoli (5), while SP-A and SP-D are hydrophilic and participate in the innate host defense immune system. SP-D binds to macrophages and neutrophils and promotes phagocytosis and killing of bacteria, fungi, and viruses (6) . Polymorphism in the amino acid residue 11 of the SPD gene has been found to increase severity of respiratory syncytial virus infection and susceptibility to tuberculosis (7, 8) .
SP-A and SP-B are instrumental in surfactant storage in lamellar bodies and in the formation of tubular myelin and surfactant monolayer (9) . The role of SP-D in surfactant homeostasis is not yet fully understood. SP-D knockout mice however, accumulate phospholipids in the alveolar space leading to emphysematous changes (10) and increased susceptibility to infections (6) . SP-D regulates the surfactant pool size by influencing the surfactant ultrastructure and its reuptake in type II cells (11) . SP-D is a large, complex glycoprotein with monomeric structure forming trimers that cluster to form a quaternary cruciate structure (12) .
SP-D plays an important role in the innate immune system. In premature infants the innate immune system is especially important, since efficient transfer of maternal antibodies occurs only after 34 wk of gestation, leading to low levels of IgG at birth in premature infants (13) . SP-D in bronchoalveolar lavage increases during the first days of life in prematurely born infants, and low concentration of SP-D was found to predict worse clinical outcome (14) . The levels of SP-A in cord blood has been found to predict RDS among prematurely born infants (15) . We have demonstrated that levels of SP-D in cord blood and capillary blood of mature newborn infants depend on several maternal and perinatal conditions (16) including labor, mode of delivery and maternal smoking. In this study we report, to our knowledge for the first time, cord blood and capillary blood levels of SP-D in premature infants and their influence on respiratory distress syndrome and susceptibility to neonatal infections.
MATERIALS AND METHODS

Subjects.
From August, 2000 to January, 2002, prematurely born infants with gestational age Ͻ 36 wk were included in the present study. The infants were born at Odense University Hospital or transferred from district hospitals shortly after birth. Infants with major anomalies and missing informed consent from the parents were excluded. Umbilical cord blood was drawn from infants born at our hospital immediately after birth. The midwives were instructed to draw blood preferably from the umbilical artery.
Capillary blood was sampled daily when routine blood sampling was done until the infant was stable, then weekly. The capillary blood was sampled by heel-prick. All samples were stored at Ϫ20°C until measurement of SP-D.
The infants were treated according the clinic's usual guidelines with early nasal continuous positive airway pressure (CPAP) (17) and early rescue surfactant (18) .
Methods. SP-D concentrations in plasma were measured by ELISA. The assay is based on pepsin-digested polyclonal rabbit anti-SP-D antibody as first layer antibody and monoclonal anti-SP-D antibody as detector antibody as described earlier (19) . The samples were tested in duplicates and accepted with a coefficient of variation of 5%.
Statistics. Data were analyzed using the STATA program. Mann-Witney U-test was used to compare levels of SP-D between two groups, and nonparametric test for trend across ordered groups for more than two groups. Wilcoxon sign rank test was used to analyze paired data. The variance between SP-D levels in arterial, venous and capillary blood was tested using Bland-Altman's plot with Pitman's test of difference in variance. Correlations between continuous variables and SP-D levels were analyzed by simple regression analysis. In all statistical methods, p Ͻ 0.05 were considered significant. Results are expressed as medians (range) unless otherwise noted.
Ethical considerations. Written informed consent was given for every child enrolled in the study. The study was conducted according to the Helsinki II recommendations and was approved by the Regional Committee for Research on Human Subjects in the Counties of Funen and Vejle.
RESULTS
A total of 254 infants with gestational age 32 2 weeks (23 5 - 35 6 ) were included in the study out of a number of 276 premature infants treated in Odense University Hospital during this time period. The clinical data are shown in Table 1 . Umbilical cord blood was drawn from 165 of the infants. The levels of SP-D in these samples was 769 ng/mL (140 -2,551). The SP-D level in umbilical cord blood did not depend on gestational age. The reasons for missing umbilical cord blood samples were in 60 cases infants transferred to the institution after birth, and 39 infants from whom no blood could be drawn from the umbilical cord. The umbilical cord blood was sampled from the arterial side in 71 infants. There was no significant difference between the arterial SP-D levels, 705 ng/mL (140 -2,551) and the venous SP-D levels, 806 ng/mL (176 -2,079). The SP-D levels in umbilical cord blood were lower in infants with intrauterine growth retardation (IUGR) and rupture of membranes (ROM) ( Table 2 ).
The population of infants had in median five capillary samples drawn (1-29) during their admission. There was a good correlation between umbilical cord blood levels and the measured capillary levels throughout the first 35 d (p Ͻ 0.0001). The SP-D levels in capillary blood from the first day 
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of life were significantly lower in infants with ROM, after vaginal delivery or when the infants were born by mothers who smoked ( Table 2 ).
The capillary SP-D levels on day 1 was 1,466 ng/mL (410 -5,051) and increased to 1,788 ng/mL (374 -13,154) on day 4, and then decreased during the next week (Fig. 1) . However, this alteration was only found in infants requiring ventilatory support, i.e., oxygen, CPAP or ventilator treatment (Fig. 2) . From day 1 till day 49 the SP-D levels in infants with need of respiratory support (data shown for oxygen only) were significantly increased.
The SP-D levels in capillary blood on day 1 in the 34 (13%) infants treated with surfactant were significantly higher than the levels in infants not treated (Table 3) , but there was no difference in the umbilical cord levels. Of the survivors, 172 (73%) were treated with CPAP, 71 (30%) with oxygen and 14 (6%) needed ventilator treatment. Their SP-D levels in capillary blood on day 1 were significantly higher than the levels observed in infants without need of respiratory support, and the SP-D levels in umbilical cord blood were increased in infants later treated with oxygen. Notably, the SP-D levels in umbilical cord blood and on day 1 were significantly higher among the 23 (9%) infants who developed septicemia later during the admission. These infants developed septicemia with a median of day 11 (range 1-42). The higher levels were seen independently of the time interval to development of septicemia.
The SP-D levels in the 12 (5%) infants who developed chronic lung disease (CLD), with need of oxygen at 36 wk gestational age, were not increased in umbilical cord blood or capillary blood on day 1, but at age 36 wk the levels were significantly increased (p ϭ 0.001).
The SP-D levels in the 17 (6.7%) non-surviving infants were not significantly different from levels in survivors. Four of the infants died within 24 h. Their SP-D levels in umbilical cord blood tended to be lower, 407 ng/mL (191-1083), than in the 13 infants who died later, 814 (209 -1,611).
DISCUSSION
We have recently demonstrated that SP-D levels in cord blood and capillary blood of mature infants are influenced by mode of delivery, labor and maternal smoking (16) . In this study we have determined the levels of SP-D in prematurely born infants. We found that the levels of SP-D both in umbilical cord blood and capillary blood were highly variable 
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and depended on several perinatal conditions. Furthermore, we observed that the SP-D levels were related to morbidity in prematurely born infants. RDS is a major cause of increased morbidity and mortality among premature infants. This clinical entity is caused by lack of pulmonary surfactant, leading to collapse of the alveoli and damage to the alveolar septae. We found high SP-D capillary levels in infants in need of oxygen or CPAP treatment and in infants treated with surfactant. Increased levels of SP-D are also found in adults with acute and chronic lung injury (20) and children with interstitial lung disease (21) . These findings may at least partly be due to the alveolar-to-vascular leakage of surfactant proteins from the alveoli to the bloodstream (22) . Increased permeability of the lung vessels leads to leakage of serum proteins into the alveoli, resulting in inactivation of the surfactant (23) and further lack of surfactant at the alveolar membrane. Elevations of SP-D in the serum could also reflect increased type II cell activity as a reparative process following lung injury with a resultant leak back into the blood (24) . SP-D is mainly produced in the epithelial cells in the lungs, but is also found in epithelial cells and secretory glands in the gastrointestinal tract and in other tissues (25) . The contribution of this production to the values measured in serum is not known.
Exposure of rats to hyperoxia leads to increased expression of SP-D mRNA, but to decreased amount of immunodetectable SP-D in lung tissue (26) , leading to the assumption that SP-D is excreted into the alveolar space and from there enters the circulation. The increase in SP-D is therefore probably due to both capillary leak and increased release of SP-D from epithelial cells due to the inflammatory response (19) . Mechanical ventilation of the lungs has been shown to modulate SP-D gene expression and increase SP-D production (27) and probably the pressure delivered to the lungs by the nasal CPAP used to treat respiratory distress (28) has the same effect.
SP-D regulates the surfactant pool size by influencing the surfactant ultrastructure and its reuptake in type II cells (11) . SP-D does not localize to lamellar bodies, but can, in absence of SP-A, form atypical but highly surface-active tubular aggregates by binding phosphatidylinositol, a component of mammalian surfactant that is increased in lung damage (29) .
Low levels of SP-D in bronchial lavage have been found to predict bad outcome and increased susceptibility to infections (14) . We found markedly increased levels of SP-D in umbilical cord blood and capillary blood on the first day of life in infants that later developed sepsis independent of interval between birth and the diagnosis of septicemia. This finding is consistent with our data obtained in mature newborn infants (16) . One could speculate that the high SP-D levels were due to an increased capillary leak leading to decreased levels of SP-D in the lungs. Such an effect may add to the newborn's susceptibility to infections as observed experimentally in premature baboons (30) . However, this explanation does not take into account the higher levels found in umbilical cord blood before breathing is started. There is some evidence that alveolar-vascular permeation is influenced by the degree of lung maturation (24) . One could speculate that the lungs of the infants who later develop septicemia have less mature alveolar-vascular integrity and that the leakage of proteins into the circulation therefore takes place before birth.
The SP-D levels in umbilical cord blood from premature infants were twice as high as in mature infants, and did not decrease with gestational age as we previously described in mature infants for gestational age 36 -43 wk (16) . These data suggest that the decrease in SP-D levels occurs late in pregnancy. The production of SP-D in fetal human lungs begins in the bronchiolar and terminal epithelium from about 21 wk of gestation (31) . Several studies of human fetuses show low production of SP-D in the lungs and amniotic fluid in early gestation, increasing through gestation, but decreasing late in gestation (32) (33) (34) . Besides the lungs, SP-D is synthesized in various exocrine ducts, the mucosa of the gastrointestinal and genitourinary tracts and placenta (25, 34) . The high blood levels found in premature infants in our study may therefore be due to relative larger production in placenta and other extra-pulmonary tissue.
IUGR is often the result of a poorly functioning placenta, and SP-D is synthesized in the trophoblast sub-populations in the placenta (34) . However, we found low levels of SP-D not only in venous cord blood, but also in arterial cord blood, indicating that also the infants' production is decreased as a consequence of IUGR. IUGR is found to decrease production rates of lung saturated phosphatidylcholine (35) and the pro- (36) . The low production is probably due to diminished amounts of substrates. The capillary SP-D levels the first day of life were twice as high as the umbilical cord blood levels. The levels of SP-D in the lungs of newborn infants have been found to rise significantly the first days of life (14) . This could be due to the physiologic re-absorption of lung liquid across the pulmonary epithelium to the circulation during the start of the respiration (37) .
Smoking during pregnancy decreases trophoblast proliferation and reduces the length of villous capillaries in the placenta leading to diminished area for gas and nutrients exchange (39, 40) . Recently we have shown by immunohistochemical analysis that SP-D is synthesized in all villous and extravillous trophoblast sub-populations in the placenta (34) . Consistent with this, we have demonstrated decreased SP-D levels in umbilical venous blood in mature infants of smoking mothers (16) . However, in the present study the SP-D levels of infants from smoking mothers were only lower in capillary blood and not in umbilical venous cord blood.
In summary, we have in this study determined normal levels of SP-D in blood of premature infants. Perinatal events may influence SP-D levels both in umbilical and capillary blood in opposing directions. High levels of SP-D in umbilical blood and capillary blood day 1 indicate development of RDS and susceptibility to infection. A study of the connection between genetic polymorphisms, SP-D levels in blood and clinical symptoms are in progress. Further studies are needed to clarify if SP-D can be used as a prognostic marker in premature infants.
